PURPOSE. This study examined the peripapillary choroidal thickness (PCT) in nonarteritic ischemic optic neuropathy (NAION) in comparison to contralateral eyes and normal eyes.
N onarteritic anterior ischemic optic neuropathy (NAION) presents with sudden, painless visual loss with associated optic disc edema. It is the most common acute optic neuropathy in older adults, resulting in decreased vision and visual field loss. It has been historically associated with a small, crowded appearing, and cupless optic disc, termed the disc at risk. 1 Although the pathogenesis and exact location of the insult in NAION remains uncertain, the prevailing theory is that of vascular insufficiency to the optic nerve head. 2, 3 It remains uncertain what role, if any, the peripapillary choroid has in the pathogenesis of NAION despite some of the shared circulation from the posterior ciliary arteries.
The advancement of spectral-domain optical coherence tomography (SDOCT) imaging technology has allowed us visualization and reproducible quantification of the optic nerve head and choroidal structures. [4] [5] [6] [7] With enhanced depth imaging (EDI) it has become possible to visualize the deeper layers of the retina, optic nerve, and choroid. The purpose of the current study was to compare the peripapillary choroidal thickness (PCT) of eyes with NAION, contralateral eyes, and normal eyes without ocular disease.
METHODS Participant Recruitment
Between March 2014 and January 2015, we recruited patients who had a history of unilateral or bilateral NAION from referralbased neuro-ophthalmology clinics in the Department of Ophthalmology at the University of Alabama at Birmingham (UAB). All patients provided informed consent, and the study was approved by the Institutional Review Board of UAB and followed the principals of the Declaration of Helsinki.
Inclusion criteria consisted of age > 19 years, NAION in at least one eye for longer than 6 weeks, and at least 3 months of available follow-up. NAION was identified clinically by at least one of the three fellowship trained neuro-ophthalmologist based on clinical presentation of acute painless visual loss, presence of disc edema with or without peripapillary splinter hemorrhages, visual field (VF) deficit, spontaneous resolution of the disc edema within 6 to 8 weeks, a normal erythrocyte sedimentation rate for age, and the absence of any other identifiable cause for disc edema. diagnosis of open angle glaucoma, intraocular pressure (IOP) greater than 22 mm Hg, spherical refraction greater than 6 6.0 D, the presence of other ocular pathology requiring active treatment, and previous intraocular surgery except for routine cataract surgery.
Comparative data from healthy participants was obtained from individuals in the African Descent and Glaucoma Evaluation Study (ADAGES) 8 and the Alabama Study on Early Age-Related Macular Degeneration (ALSTAR), 9 which are two National Institute of Health-funded studies conducted at UAB. These participants were recruited from general eye clinics seeking routine eye examinations, had no ocular diseases, and had reliable and normal Swedish interactive threshold algorithm standard perimetry.
Measures
The following variables were collected during the patients' single imaging visit: age recorded in years, gender, month and year of NAION onset for involved eyes, visual acuity, color vision, contrast sensitivity, automated perimetry 24-2 Swedish interactive threshold algorithm, axial length, and color fundus photography. Applanation tonometry was recorded for the NAION group either from the chart if done within 6 months of the imaging visit or obtained the day of the imaging visit. In the healthy group, IOP was obtained from the last recorded IOP on chart abstraction in the ALSTAR group and measured during the imaging visit in the ADAGES group. In addition, SDOCT imaging using EDI technology (Heidelberg Engineering, Heidelberg, Germany) was obtained on all participants using 48 radial volume scans (208) centered on the optic nerve head. The operator assessed the SDOCT images during acquisition to ensure good quality. The healthy participants from ADAGES and ALSTAR studies had undergone identical imaging procedures.
To enhance the visibility of deeper tissues, SDOCT B-scan volumes were then processed using a customized adaptive compensation algorithm, with contrast and threshold exponents of 2. 10, 11 This step allowed for better visualization and more reliable delineation of the anterior sclera and Bruch's membrane. The compensated SDOCT volumes were then loaded and aligned in custom software (based on the Visualization Toolkit; Kitware, Inc., Clifton Park, NY, USA) that has been developed for the three-dimensional (3D) delineation of histologic and SDOCT data. 12, 13 This technology has been shown to quantify principal surfaces of the optic nerve with a high degree of reproducibility. One trained, masked observer manually delineated 12 equally spaced radial sections of each volume. A second masked, trained observer then checked the delineations for accuracy, and any necessary corrections were made. Two observers resolved any discrepancies in the delineations. A previous analysis of the within-and betweenperson variance of the manual delineation with the 3D approach showed a very high interrater agreement between the two observers, with an intraclass correlation coefficient of >0.75 at all locations. 14 The delineated surfaces included internal limiting membrane, posterior retinal ganglion cell layer, BMO, Bruch's membrane (BM), anterior lamina surface, anterior scleral canal opening, and anterior sclera surface (AS; Fig. 1 ). The PCT was defined as the distance between the BM and the AS, and it was measured at different distances from the BMO (0-250 lm, 250-500 lm, 500-1000 lm, 1000-1500 lm, and 1500-2000 lm; Fig. 1e ).
Statistical Analysis
Demographic and ocular characteristics were compared between NAION versus normal eyes and contralateral versus normal eyes using generalized estimating equations with an independent working correlation matrix. Adjusted models were used to compare the mean PCT overall, PCT at different distances from the BMO, and PCT by quadrant (superior, inferior, nasal, temporal) between NAION versus normal eyes and contralateral versus normal eyes. An interaction term between group and distance from the BMO (0-250 lm vs. 2500-3000 lm) was added to the model with a log link function. Matching between NAION and normal eyes was not used. Models were adjusted for age, area BMO, and axial length. To assess the relationship between the IOP and PCT, a generalized estimating equation model was used while adjusting for disease status, age, area BMO, and axial length. For all models, normal eyes were coded as the referent group. Paired t-tests were used to compare the PCT overall, PCT at different distances from the BMO, and PCT by quadrant between NAION versus contralateral eyes. The correlation between disease duration and the PCT among NAION and contralateral eyes was calculated using a Spearman correlation coefficient. Finally, Spearman correlation coefficients were used to assess the association between the PCT in the inferior hemifield with the VF threshold in the superior hemifield. Similarly, correlations were generated for the PCT in the superior hemifield with the VF threshold in the inferior hemifield.
RESULTS
There were 18 patients recruited into the NAION study arm, 13 with unilateral disease and 5 with bilateral disease. We excluded eyes with inadequate or incomplete SDOCT data following delineation. One diseased eye was additionally excluded because it was the sole eye in the African descent group and the sample was so small that meaningful analyses were impossible. After exclusions, the final study group had a total of 20 NAION eyes, 10 contralateral eyes, and 102 normal eyes, all of European descent. As shown in Table 1 , participants in the NAION group ranged in age from 36 to 80 years with a mean age of 63.9 (standard deviation [SD] 11.7) years. They had mean disease duration of 1243 days (SD 1151; minimum 47/maximum 3848). Participants in the healthy group ranged in age from 29 to 92 years with a mean age of 63.4 (SD 15.6) years. The mean area of the BMO in NAION eyes was 1.656 lm 2 3 10 6 , compared to 1.708 lm 2 3 10 6 in normal eyes (P ¼ 0.5793). Average axial length was 22.8 mm (SD 1.5) in NAION, 23.5 mm (SD 1.2) in contralateral, and 23.8 mm (SD 1.1) in normal eyes. The mean PCT value, adjusted for age, axial length, and area BMO, was greater at all distances from the BMO in both the NAION and contralateral eyes when compared with the normal cohort ( Table 2 ). As illustrated in Figure 2 , contralateral eyes had a slightly thicker PCT than NAION eyes; however, these differences were not statistically significant ( Table 3) .
The mean PCT was thinnest at a distance closest to BMO regardless of the group, and it increased in thickness reaching its maximum at 1000 to 1500 lm from BMO. Beyond 1500 lm, the mean PCT of the normal group leveled off, and the NAION and contralateral eyes showed a slight decrease in thickness (Fig. 2) . The relative differences in mean PCT between the NAION, contralateral, and normal eyes were closer (0-250 lm) to the optic nerve rather than farther away (2500-3000 lm; P < 0.0001). There was a weak negative correlation between disease duration and mean PCT thickness, which was not statistically significant (P ¼ 0. 34 ). An analysis of the PCT by quadrant (superior, inferior, nasal, temporal) showed the inferior quadrant to be the thinnest in both the NAION (diseased and contralateral eyes) and normal cohorts (Table 1) . There was a weak negative correlation between PCT and VF 
DISCUSSION
The current study showed a significantly thicker peripapillary choroid in both the diseased and unaffected contralateral eyes of patients with NAION when compared with normal eyes. The PCT was not significantly thicker in the contralateral eyes when compared with the affected NAION eyes. These differences were most pronounced immediately adjacent to the border of the optic disc between 0 and 250 lm from BMO (Fig. 2) . These findings suggest that a thicker choroid might be a predisposing factor for NAION. The exact mechanism by which this occurs will need further investigation.
The results of the current study are consistent with a previously published study by Fard et al. 15 that found similar differences in PCT measured using a single circular B-scan of 3.4 mm in diameter centered on the optic nerve, which corresponds to approximately 700 to 1000 microns from BMO in our data. They had 30 NAION and unaffected fellow eyes and 25 normal eyes. The mean PCT in the NAION eyes in their study was 201.6 (SD 42.4) lm. The methods in our current study were able to more fully quantify the 3D regional morphometry of the peripapillary choroid up to the disc margin defined by BMO and found profound differences between groups adjacent to the BMO, with the PCT exhibiting an almost complete separation between the NAION and normal groups (Fig. 3) and complete separation between the contralateral eyes of the patients with unilateral NAION and normal eyes.
In contrast, another recently published study found that the PCT was thinner in NAION and contralateral healthy eyes when compared with their control group. 16 They had 37 NAION, 19 unaffected, and 38 normal eyes. In this study, a horizontal and vertical a-scan centered on the optic nerve were obtained using SDOCT with EDI, and the PCT was measured from the posterior RPE edge to choroid-scleral junction at 500 lm intervals. Several differences in the methods were present between these studies in that measurements were obtained from noncompensated SDOCT volumes, which can make visualization of the sclera more difficult, and the method used was a two-dimensional sampling instead of the 3D approach used in our study. In addition, the healthy controls in the prior study were significantly more hyperopic than the NAION eyes, which could account for the greater PCT in the control group.
Previous studies of the choroid in NAION have focused on the macular PCT and have provided conflicting reports about subfoveal PCT in NAION. Dias-Santos et al. 17 reported a thicker subfoveal choroid and hypothesized that the finding of a thicker choroid was a marker that supported a dysfunction of the vascular auto regulation mechanism theory for NAION. However, Schuster et al. 18 found a thinner subfoveal PCT in both NAION and contralateral eyes when compared with normal eyes and hypothesized that a thinner subfoveal PCT is a potential risk factor for developing NAION.
Regarding the IOP and PCT, previous studies have shown the mean PCT to increase with a decrease in IOP. 19, 20 Saeedi et al. 19 noted that for every 1 mm Hg decrease in IOP, there was a mean increase of 3.4 lm in PCT. Although this was significant, the magnitude of the effect could not have played a role in the significant differences in the PCT noted in our study. There was no significant correlation in our data between the IOP and PCT thickness. Moreover, we included IOP in the full models, but it was not significantly related to the PCT (adjusted P value ¼ 0.216), so it was not included in the final model. Interestingly, the BMO area was not significantly smaller when compared with the normal eyes in our study. Given that prior studies using photographic 21 and confocal scanning laser ophthalmoscopy 22 have demonstrated a small disc area and cup-to-disc ratio in NAION eyes, 1, [23] [24] [25] [26] [27] one would have expected the area BMO to be significantly smaller. Our findings, however, were consistent with other SDOCT studies examining the BMO area in NAION patients. [28] [29] [30] Contreras et al. 28 evaluated the characteristic of optic nerve in NAION when compared with controls using stratus SDOCT and found no significant difference in the disc area between the two groups. Chan et al. 29 evaluated optic nerve morphology of NAION when compared with controls using stratus SDOCT and HRT in participants of Chinese ethnicity and found no significant difference in the disc areas as measured by the SDOCT and the HRT. Yang et al. 30 compared optic nerve morphology in eyes with glaucoma, NAION, and controls using Fourier-domain OCT and found no significant difference in disc area between the control eyes and the NAION eyes. These findings suggest that the morphology of the disc at risk in NAION may not be well understood and it is not simply a small optic nerve head.
The exact vasculature affected in NAION has not been well defined, and therefore the pathophysiology remains uncertain. Most of the evidence is based on fluorescein studies and indirect evidence from other atypical forms of ischemic optic neuropathy.
3,31-37 Arnold et al. 3 used fluorescein studies in NAION to demonstrate delayed filling in the prelaminar optic disc without significant delay in the parapapillary choroidal filling. This seemed to suggest that the compromise is to the paraoptic branches of the short posterior ciliary arteries. In addition, in histologic studies of ischemic optic neuropathy, Knox et al. 36 found the site of infarction to be located predominantly in the retrolaminar optic nerve, with occasional extension into the laminar and prelaminar area. A compartment-like syndrome has also been proposed in the pathophysiology of NAION, presumably from the crowding of the optic nerve fibers. 1, 21, 27, 38 Although longitudinal data are needed, the fact that the PCT in the contralateral eye is also thick when compared with normal eyes is suggestive that the thicker PCT may be a morphologic feature associated with an elevated risk for NAION. The role of the significantly thicker choroid in NAION eyes is unclear. Unfortunately, there are no methods to comprehensively examine blood flow within the deeper layers of the optic nerve, the surrounding intrascleral vasculature, or choroid.
Interestingly, NAION is more often seen on waking from sleep after a patient has been supine 39 and is possibly associated with sildenafil treatment. 40 Both of these situations can increase PCT. 41, 42 This supports an interesting hypothesis that a thicker choroid could create a compartment syndrome within the optic nerve head (Fig. 4) in which the axons and their blood supply are strained with fluctuations in choroidal volume within the narrow central cup. Regardless of the mechanism, additional longitudinal studies are needed to determine if the PCT is a risk factor for NAION and what role it plays in the pathogenesis of the disease.
Our study had several limitations. Our sample size in the NAION and contralateral eyes was small, yet despite that, the results are still quite clinically important and provide a strong rationale for both larger and longitudinal studies. Our participants were all of European descent, which may limit generalizability beyond this group. The data for the healthy group was collected prior to the NAION group, therefore all data were not collected concurrently. Thus there is a possibility of unmeasured confounding. However, identical protocols were used and the measurements are relatively stable over time, so this is unlikely to explain these significant findings. We did not control for time of imaging, and PCT has been noted to change with time of day. 43, 44 In addition, the IOP was not measured immediately prior to imaging, which may have introduced some random error. Although the delineations were manually performed, the quantifications have been shown to be highly reproducible.
14 Regardless, these random effects would lower estimates of association and thus could not have played a role in the highly significant differences seen in this analysis. Finally, as a cross-sectional comparison, it is uncertain whether a thicker choroid preceded NAION or occurred as a result of the injury. Results from the contralateral eye suggest that the thicker choroid may have existed prior to the NAION and thus may be a risk factor for the development of the condition, although further prospective studies are needed.
In summary, the present study suggests that a thicker peripapillary choroid may be an important anatomical and physiological feature in eyes of patients with NAION, including the fellow eye. Our results may represent a new component of the disk-at-risk clinical phenotype.
